Procedure
The extraction of each metal(III) ion was carried out in a cool bath shaker described above, kept at 25.0˚C. The ionic strength in the aqueous phase was adjusted to 0.1 mol dm -3 with sodium perchlorate. The extraction of each metal(III) was performed under the following conditions: the organic and aqueous phases were of equal volumes (15 ml each), the total metal concentration was 5 × 10 -4 mol dm -3 and the total 8-quinolinol concentration was 2 × 10 -2 mol dm -3 . The shaking time was 3 h for aluminum and 2 h for gallium and indium, which were sufficient for complete equilibration. After centrifuging for 5 min at 3000 rpm, the pH of the aqueous phase was measured without any phase separation, and the hydrogen-ion concentration was determined by correcting the apparent liquid junction potential. The concentration of aluminum in the aqueous phase was determined spectrophotometrically after extracting aluminum at pH 5 with 8-quinolinol in benzene. The concentrations of gallium and indium in each aqueous phase were determined by atomic absorption spectrometry. The concentrations of each metal in the respective organic phases were determined by subtracting those in the aqueous phase from the total one.
Results and Discussion

Analyses of extraction equilibria of aluminum(III), gallium(III) and indium(III) with 8-quinolinol using neat octane and 1-octanol, and their mixtures as a solvent
In the extraction of divalent transition metal ions with 8-quinolinol, the dimeric metal 8-quinolinolates were reported to be extracted. [6] [7] [8] [9] [10] [11] Taking into account these results, the polymeric species can be expected to be extracted. Thus, the following extraction equilibrium can be responsible for the present extraction systems:
Kex(ja)
(Mj(Ox)3j(HOx)a)o + 3jH + ,
where Kex(ja) denotes the extraction constant of Mj(Ox)3j(HOx)a and subscript o refers to the organic phase. If metal species other than M 3+ can be neglected in the aquous phase, and only Mj(Ox)3j(HOx)a is extracted, the total metal
concentration in the organic phase can be expressed as
From Eq. (2) the following expression can be derived:
Since [HOx]o varies with the extraction conditions in the present extraction systems, it was calculated by the following equation:
where KD,HO x and Ka1 denote the partition and first dissociation constants of 8-quinolinol, and CHO x is the total concentration of 8-quinolinol. In a calculation of [HOx] o, values that were determined in our previous investigation 5 were used. The first dissociation constant, pKa1 = 5.08, and KD,HO x for each solvent system are summarized in Table 1 . In systems using neat 1-octanol as a solvent, taking into account the extraction of the 8-quinolinolium ion, H2Ox + , with the perchlorate anion, [HOx] o was calculated by the following expression:
[HOx]o = (5) where KD,(H2O x·ClO4) and Kf denote the partition and formation constants of an ion-pair, (H2Ox + ·ClO4 -). The values of log Kf and log KD,(H2O x·ClO4) were found to be 0.27 and -0.12, respectively. 5 Taking into account the coordination number and charge of the present metal ions, the value of a can be expected to be 0. Based on Eq. (3) (a = 0), plots of log CM,o against (log CM,w3log[H + ] + 3log[HOx]o) should be straight lines with a slope of j. Plots for aluminum(III) are shown in Fig. 1 . Irrespective of the solvent, the plots display curvature and deviate downward from a straight line with a slope of 1 with increasing the concentration of aluminum in the organic phase. Therefore, it is suggested that the extracted species is a monomer, and that the species of aluminum other than Al 3+ in the aqueous phase can be responsible for the extraction equilibrium. In the cases of gallium and indium, similar results were obtained. 
Side-reaction of metal ions in the aqueous phase
The species of each metal other than the respective hydrate metal ions in the aqueous phase can be expected to be hydrolysis products and metal 8-quinolinolates. Taking into account the hydrolysis of metal cations in the aqueous phase, the deviation of the plots in Fig. 1 . Then, the reaction of metal ions (M 3+ ) with 8-quinolinolate anion (Ox -) should be considered:
where βi denotes the overall formation constant of metal(III) 8-quinolinolate. The total concentration of metal(III) in the aqueous phase can be expressed as:
where αM(O x) refers to the side-reaction coeffisient, which is expressed by Eq. (8) . As shown in Fig. 1 , the extracted species can be expected to be M(Ox)3. A new extraction constant (Kex′) of M(Ox)3 can be defined as
This extraction constant can be related to the extraction constant (Kex(10)), which is expressed by Eq. (1) as
where Ka2 denotes the second dissociation constant of 8-quinolinol, and was determined as pKa2 = 9.47 in our previous work. 5 From Eq. (7) the following equation can be derived:
The following relation can be expressed from Eqs. (9) and (11): 
Equation (12) As can be seen from Fig. 2(A) , the plots fit well with the straight line. This suggests that the species of Al(Ox)2 + and Al(Ox)3 can be neglected in the case of using 1-octanol as a solvent. The values of Kex′ and β1 were caluculated from the intercept and slope of the straight line. The values are summarized together with the other constants in Table 2 . Since in Fig. 2 (B) the plot fits well with the quadratic curve, the species of Al(Ox)3 has been found to be negligibly small in the extraction systems using a 4 mol dm -3 1-octanol/octane mixed solvent. The extraction constant, Kex′, and the overall formation constants, β1 and β2, were determined by the least-squares method. As shown in Fig.  2(C) , in the extraction of aluminum(III) using a 2 mol dm -3 1-octanol/octane mixed solvent, the plots fit well with a cubic curve. Then, all of the 8-quinolinolates were found to be not neglected for the Al 3+ species. The respective constants were estimated by the method described above. In the extraction systems for gallium(III) and indium(III), similar results as those in the extraction of aluminum(III), shown in Fig. 2 , were obtained. In the extraction of indium(III) using 1-octanol, however, the plot on the basis of Eq. (12) fit well with the quadratic curve in contrast with the aluminum(III) and gallium(III) systems, in which the plots fit with the respective straight lines. The values of the respective constants for gallium(III) and indium(III) obtained by the least-squares method are summarized together with those for aluminum(III) in Table 2 .
Since it has been found that the monomeric species, M(Ox)3, was extracted and metal 8-quinolinolates were not negligible in the aqueous phase in the present extraction systems, the following relationship can be set up: For a comparison, analyses of the extraction equilibria of aluminum(III), gallium(III) and indium(III) using benzene and chloroform as a solvent were carried out on the basis of Eq. (14) . These analyses were based on the assumption that the extracted species and the formation constant of the respective metal 8-quinolinolates in the aqueous phase are the same as in the extraction systems using 1-octanol and 1-octanol/octane mixed solvents as a solvent. The results for aluminum, gallium and indium(III) are drawn in Figs. 4(A), (B) and (C). The plots fit well with each straight line with a slope of 1 in the respective systems using benzene and chloroform, respectively. The extraction constant, Kex (10) , were obtained from the intercepts of the straight lines. The extraction constants, Kex (10) , for the respective systems were obtained from the intercepts of each straight line with a slope of 1. These constants are summarized together with another extraction constants, Kex′, calculated by Eq. (10) in Table 2 .
Determination of the partition constant of metal 8-quinolinolate, M(Ox)3, between respective organic and aqueous phases
The extraction constant of M(Ox)3 can be expressed by
where KD,M(O x)3 refers to the partition constant of M(Ox)3. The values of Kex(10) and β3 were obtained in the present study, and those of KD,HO x and Ka2 were found in our previous work. 5 Therefore, the values of KD,M(O x)3 for the present extraction systems can be calculated by Eq. (15), and are summarized together with the other constants in Table 2 . Based on the additivity of the molar cohesive energy and the molar volume of the ligand in a complex, it has been known that the partition constant of a complex MRn can be approximately correlated to that of the ligand HR as KD,MRn | KD,HR n . 12 In our previous paper on the solvent effect on the extraction of copper(II)benzoates using 1-octanol(or 2-octanone)/benzene mixed solvents, on the other hand, the following relation 374 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 ). The extraction constants, Kex (10) and Kex′ were calculated by Eqs. (14) and (9). b. The values in parentheses were rejected in calculations of the mean values of 1 and 2, since they vary considerably from the other ones. between the partition constants of CuA2 and HA (benzoic acid) was found to hold:
where C is an intrinsic constant corresponding to each analogous solvent, and is smaller than 1.
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The relationship between the partition constants of metal 8-quinolinolates and 8-quinolinol is displayed in Fig. 5 . The plots of log KD,M(O x)3 against log KD,HO x were proved to be linear, except for those using benzene as a solvent. In the extraction systems using solvents other than benzene, the plots for aluminum(III), gallium(III) and indium(III) fit well with the respective straight lines with a slope of 2.8 and intercepts of -2.4, -1.5 and -2.9, respectively. The slope of each plot is smaller than 3, thus suggesting the electrostriction effect to function in complex forming. The deviation of the plot for benzene from the respective straight lines may be attributable to the difference in the solvating ability between benzene and the other solvents.
According to the regular solution theory, the partition constant of an extracted species, A, can be expressed as follows: 14
where δo′ is calculated by Eq. (17) and δw, δo, δA, Vw, Vo and VA denote the solubility parameters and the molar volumes for water (aqueous phase), organic solvents and the extracted species, respectively. The solubility parameter of the mixed solvents is given by the following equation:
where φ denotes the volume fraction and subscripts 1 and 2 refer to 1-octanol and octane, respectively. A similar method as the solubility parameter was applied for estimating the molar volume of the mixed solvents. The values of the solubility parameters and the molar volumes for each solvent are summarized in Table 1 . As can be seen from deviate significantly up and down from each straight line, respectively. It is suggested that there is a remarkable difference in the interaction between a solute and a solvent between these solvents and the other three kinds of solvents. The regular solution theory is useful for the analogous solvents, even if the solvents possess a solvating ability. [16] [17] [18] [19] The molar volume of each extracted species was obtained from the slope of each straight line as follows: VAl(O x)3 = 287 cm 3 , VGa(O x)3 = 295 cm 3 , and VIn(O x)3 = 243 cm 3 , respectively. The order of these molar volumes agreeds with that of the corresponding partition constants of each metal 8-quinolinolate, irrespective of the solvent used.
Their molar volumes were found to be considerably smaller than the expected volume from that of the 8-quinolinol molecule (VHO x = 124 cm 3 ). 20 Then, in addition to the electrostriction effect to function in complex forming, some interaction between the extracted species and the solvent suggests an affect in the present mixed solvent systems.
Extraction curves calculated by employing the results obtained from the present work
The extraction curves for aluminum(III), calculated by employing the results obtained from the present work, are depicted in Fig. 7 . As can be seen from Fig. 7 , the observed plots fit well with the respective extraction curves. This has substantiated the validity of the present results. For a comparison, the calculated curve for the system using octane as a solvent, which was estimated from the results obtained by extraporation of the linear plots based on regular solution theory, was drawn. It was shown that octane is a poor solvent for the present extraction systems. This can be attributed to the small partion constants of M(Ox)3 for the present metal. The extraction curves for gallium(III) and indium(III) have been found to show a similar tendency as those for aluminum(III) in Fig. 7 .
As shown in Fig. 7 , a difference in the extractability of aluminum(III) among chlroroform, 1-octanol and 4 mol dm -3 1-octanol/octane mixed solvent is scarcely discernible. However, for the extraction of gallium(III) and indium(III) chloroform is superior to the other solvents; 1-octanol and 4 mol dm -3 1-octanol/octane mixed solvent are found to be superior to benzene.
In the conventional extraction systems both the partition and formation constants of the extracted species are scarcely known. In the present systems this makes it possible to prepare a solvent that possesses an appropriate extractability by controlling the mixing ratio of 1-octanol and octane. Using a 2 mol dm -3 1-octanol/octane mixed solvent, the formation constant of M(Ox)3 was consequently determined for each metal.
The present results suggest that it has become possible to prepare an appropriate solvent by mixing two kinds of solvents; also, 1-octanol and 1-octanol/octane mixed solvents are useful for the extraction of aluminum(III), gallium(III) and indium(III) with 8-quinolinol being used as a less toxic solvent than chloroform or benzene. ANALYTICAL SCIENCES MARCH 2006, VOL. 22 Fig. 7 Extraction curves of aluminum(III) calculated by employing the results obtained from the present work. Symbols: A, 1-octanol; S, 4 mol dm -3 1-octanol/octane mixed solvent; G, 2 mol dm -3 1-octanol/octane mixed solvent; F, benzene; D, chloroform. The solid curves are the respective calulated extraction curves, and the dotted curve refers to the calculated curve for the octane system that was estimated from the results by extraporation.
